Prolonged visual deprivation from early childhood to maturity is believed to cause permanent visual impairment. However, there have been case reports of substantial improvement of binocular vision in human adults following lifelong visual impairment or deprivation. These observations, together with recent findings of adult ocular dominance plasticity in rodents, led us to re-examine whether adult primary visual cortex (V1) is capable of any recovery following long-term monocular deprivation starting in development. Using mice as a model, we find that monocular deprivation from early development to mature ages (well past the critical period) severely impaired binocular vision by reducing the amplitude of responses elicited by stimulation of the deprived eye. Surprisingly, we find little effect on nondeprived eye responses. Restoration of binocular vision in mature adults yields modest but significant improvement of visual responses in V1. Remarkably, we find that when binocular vision is followed by occlusion of the nondeprived eye, visual responses in V1 recover almost fully, as measured by visual evoked potential amplitude, spatial frequency threshold, and single-unit activity. We conclude that adult V1 can recover from long-term deprivation when provided with an optimal regimen of visual experience.
In comparison to the brain of children, the adult brain is thought to have a more limited capacity for regeneration and repair. One example of the decline of plasticity with age is the effect of monocular deprivation (MD). Classical electrophysiological studies found that early in life even a brief period of MD caused the visual cortex to respond very poorly to the deprived eye (in cats: Wiesel and Hubel 1963; Hubel and Wiesel 1970; Olson and Freeman 1975; Freeman and Olson 1982; in monkeys: Blakemore et al. 1978 in monkeys: Blakemore et al. , 1981 in rodents: Fagiolini et al. 1994; Gordon and Stryker 1996) . Restoration of vision to the deprived eye can reverse the effect of MD only if the deprivation was brief. No recovery was observed after prolonged deprivation spanning a critical period of development (in cats: Wiesel and Hubel 1965; Hubel and Wiesel 1970; Blakemore and Van Sluyters 1974; in monkeys: Blakemore et al. 1978 ). These studies gave rise to the concept that disorders of central circuit development must be diagnosed and treated very early in childhood.
Yet the adult brain appears to be more resilient and plastic than previously believed. A growing number of studies have found morphological and functional changes in motor and sensory neocortex as a result of altered experience or injury in adulthood (Merzenich et al. 1984; Jenkins et al. 1990; Allard et al. 1991; Fox 1992 Fox , 1994 Skibinska et al. 2000; Qi et al. 2000; Kaas and Qi 2004) . Even in V1, our laboratory and others have found that ocular dominance (OD) plasticity exists in adult mice and rats (Guire et al. 1999; Sawtell et al. 2003; Pham et al. 2004; Lickey et al. 2004; Tagawa et al. 2005; Hofer et al. 2006; Fischer et al. 2007 ). These findings suggest the possibility that the effects of prolonged deprivation imposed early in life can be ameliorated by experience in adulthood. Supporting this contention, a recent multicenter clinical trial involving amblyopic adolescents aged 13-17 yr showed that significant visual improvement was possible with visual therapy well beyond the closure of the "critical period" (∼8 yr of age) (Scheiman et al. 2005) . Also, adults with amblyopia can improve their visual performance by visual training (Levi and Polat 1996; Polat et al. 2004; Levi 2005) . But the neural substrates mediating this adult plasticity are unknown. It is unclear whether changes in adult vision are mediated by changes in V1 or whether they are mediated at cortical levels beyond V1.
Thus, using electrophysiological methods that can detect adult OD plasticity, we have re-examined the issue of whether adult V1 can recover from prolonged MD. We subjected mice to MD from shortly after eye opening until mature ages well past the critical period. We find that reopening the deprived eye following this prolonged deprivation produced only partial recovery of visual function. However, binocular experience (BE) followed by suture of the originally nondeprived eye (reverse suture, RS) produced nearly complete recovery of both OD and visual acuity even in mature adults. Our findings suggest that adult visual experience can restore visual functions which fail to develop properly as a result of deprivation in early development.
promote faster recovery from short-term MD than does RS (Mitchell et al. 2001; Kind et al. 2002) .
We therefore examined the efficacy of BE in facilitating recovery of mouse V1 from long-term MD (LTMD). In all experiments described in this article, mice were housed in standard transparent plastic cages (see Materials and Methods). We sutured the right eyelid of mice from postnatal day (P) 21 to P41-45, an interval that encompassed the entire critical period for OD plasticity as defined by traditional single-unit recordings (Gordon and Stryker 1996) . Visual evoked potentials (VEPs) in response to the presentation of horizontal bars (gratings) of different sizes (spatial frequencies) were then recorded. Gratings of lower spatial frequency evoked larger amplitudes (Guire et al. 1999; Lickey et al. 2004) . In nondeprived mice, the contralateral eye always produced larger VEP amplitudes than did the ipsilateral eye, indicating the greater strength of the crossed pathway (Fig. 1A,B) . As expected, deprivation of the right eye resulted in a decrease of the amplitude evoked by the right eye. Surprisingly, the amplitude evoked by the left (nondeprived) eye did not seem to increase (Fig. 1C,D) .
A brief period of BE following LTMD from P21 to P41-44 partially eliminated the deprivation effect. The VEP amplitude evoked by the originally deprived right eye increased substantially following BE. Five or 10 d of BE produced a similar partial recovery of VEP amplitudes ( Fig. 1E-H ). Even after a longer period of LTMD from P21 to P56-60, 10 d of BE still produced partial recovery of deprived-eye responses (Fig. 1I,J) . Responses evoked by the nondeprived (left) eye seemed unaffected by LTMD as well as subsequent BE.
To compare the effects of LTMD and BE, we averaged the amplitudes evoked by the two lowest spatial frequencies (0.05 and 0.065 cycles/degree, the two highest responses of the sweep). Because the three BE groups produced similar outcomes, we pooled these data into a single group and compared it with nondeprived and LTMD groups ( Fig. 2A) . A three-factor ANOVA (see Fig. 2A , legend) showed (1) that the right eye evoked smaller amplitude responses than the left eye, (2) that the uncrossed pathway evoked smaller amplitude responses than the crossed pathway, and (3) that there was a significant eye ‫ן‬ experimental group interaction. The interaction indicated that LTMD and LTMD + BE affected right (deprived) eye responses more than left eye responses, which were essentially unchanged.
From the amplitude data given above, we computed an ocular dominance index (ODI) for each hemisphere. The ODI is a relative measure of the strength of the crossed (contralateral) divided by the crossed plus uncrossed (ipsilateral) responses. In nondeprived mice, ODIs of the right and left hemispheres were about equal (Fig. 2B) . In contrast, deprivation of the right eye increased the ODI of the right hemisphere and decreased the ODI of the left hemisphere. This hemispheric difference in ODI was reduced after 5 or 10 d of BE, reflecting the partial recovery of the right (deprived) eye responses. For statistics, we determined the right minus left hemispheric difference in ODI and also pooled the three BE groups (Fig. 2C) . Compared with nondeprived mice, we found that LTMD caused a large and significant hemispheric difference; this difference was significantly reduced by BE (see Fig. 2C , legend).
BE and RS promotes nearly complete recovery from LTMD
Opening the deprived right eye and closing the open left eye (RS) is thought to force the usage of the deprived eye, thereby increasing the maximal extent of recovery from MD (Dews and Wiesel 1970; Blakemore and Van Sluyters 1974) . We therefore asked whether a period of RS, either by itself or following BE, could facilitate recovery. We deprived the right eye of mice from P14-21 to either P61-65 (young adults) or P92-158 (mature adults), at which time we either recorded from the animals or subjected them to one of two recovery protocols: (1) opening the right eye for 6-7 d and then suturing shut the left eye for 4 d (denoted as BE+RS), or (2) reverse suturing for 4-7 d (RS) without prior BE.
As before, LTMD dramatically suppressed the amplitude of cortical potentials evoked by the right eye compared with the left eye (Fig. 3A,B) . Note in particular that the response of the right eye in the right hemisphere (right eye uncrossed pathway) was nearly undetectable (Fig. 3B) . Surprisingly, this effect of LTMD appeared to be nearly completely reversed by BE+RS. In both young adults (four mice) and mature adults (five mice), visual cortical responses indistinguishable from normal were observed, and therefore, the results were pooled (Fig. 3C,D) . Note that responses of the right eye were roughly equal to that of the left eye (Fig. 3C,D) . The dramatic recovery produced by BE + RS led us to ask whether RS alone might induce significant recovery. Indeed, a short period of RS, 4-7 d, restored right eye amplitudes to nearnormal levels (Fig. 3 , cf. A,B and E,F).
For statistics, we averaged the amplitudes for the two lowest spatial frequencies and analyzed significance by using threefactor ANOVAs (for statistics, see Fig. 4 , legends). Here, we analyzed responses elicited by both 88% and 44% contrast gratings. Restoration of amplitudes was evident at both contrast levels; however, recovery appeared more complete and significant at 88% contrast. Visual recovery induced by BE + RS or RS alone was mainly a consequence of increased right eye amplitudes; left eye amplitudes showed little consistent change (Fig. 4A,B) . The eyespecific effect of experimental treatments was confirmed by a significant eye ‫ן‬ treatment group interaction for data collected at 88% contrast (see Fig. 4, legend) .
ODI values provide further evidence for recovery from LTMD ( Fig. 4C,D) . At both 88% and 44% contrast, the left/right hemispheric difference produced by LTMD disappeared following BE + RS. Even with RS alone, nearly complete recovery was observed at 88% contrast. The left/right difference in ODIs was not significant in the RS cases at 88% contrast; however, at 44% contrast, the left/right difference persisted. To compare the magnitude of the hemispheric difference between groups, we computed R-ODI minus L-ODI values for all cases. We found statistically significant reductions in the value of the left/right ODI difference between LTMD and recovery groups for both 88% and 44% contrast (Fig. 4E,F) .
VEP thresholds are known to correlate with psychophysical thresholds (Tyler et al. 1979; Allen et al. 1986 ). Therefore, to assess whether the observed recovery of OD and VEP amplitudes translates into improved visual acuity, we determined the threshold of VEP detection for each eye. The threshold was defined as the lowest spatial frequency that failed to elicit a VEP response above the level of noise (see Materials and Methods). After LTMD, right eye thresholds were reduced compared with those of the left eye, particularly in the uncrossed pathway (Fig.  5A,B) . Both recovery paradigms, BE + RS and RS alone, eliminated the difference in acuity between the right and left eyes largely by enhancing the acuity of the right eye ( Fig. 5C-F) . Note that the recovery observed with 88% contrast gratings was very similar to that observed at 44% contrast ( Three-factor ANOVA showed an effect of eye (P < 0.0001), pathway (P < 0.0001), and an eye ‫ן‬ experimental group interaction (P = 0.04). N indicates nondeprived (four mice); LTMD, right eye deprived (five mice); BE, LTMD followed by 5-10 d of BE (13 mice, all LTMD + BE groups pooled). LE X indicates left eye crossed pathway; LE U, left eye uncrossed pathway; RE X, right eye crossed pathway; and RE U, right eye uncrossed pathway. (B) ODI values for each hemisphere of each experimental group. N indicates nondeprived controls; P41 or P56, deprivation from P21 to P41-45 or P56-60. d BE denotes the number of days of BE. The dotted line represents the mean of right and left hemisphere ODIs for nondeprived mice. (C) ODI of the right hemisphere minus ODI of the left hemisphere for nondeprived (N, four mice), right-eye deprived (LTMD, five mice), and LTMD followed by 5-10 d BE (BE, 13 mice). There was a significant difference between the three groups overall (one-factor ANOVA, P = 0.001). **P = 0.003, Bonferroni post-hoc test; *P = 0.03, Bonferroni post-hoc test.
Visual recovery in adulthood can be detected by single unit recording Finally, we considered the possibility that the dramatic recovery that we have found resulted from complex multicellular interactions revealed by population indexes of activity, but might not be detected at the level of single cells. To investigate this issue, we recorded single-unit responses from a subset of the mice in which we had recorded VEPs. The OD of single units sampled through the entire depth of binocular V1 was scored by an observer blind to treatment condition using the seven-point scale of Hubel and Wiesel (1962) . Whereas the single-unit OD histogram is contralaterally biased in normal mice (Fig. 6A) , single units recorded from the left binocular V1 of LTMD mice were shifted toward the ipsilateral open eye (Fig. 6B) . In contrast, mice that received LTMD followed by BE + RS displayed a contralaterally biased OD distribution closely resembling normal mice ( Fig. 6 ; cf. C and A). Contralateral bias indexes (CBI, see Materials and Methods) derived from OD scores of single units demonstrate that BE + RS completely normalized the OD of single units (Fig.  6D) .
Discussion
There are now clear examples in several model systems supporting the assertion that cortical maps can be modified in adulthood as well as in development, evidence of the remarkable adaptability of the adult brain. However, it is not clear whether adult and juvenile experiences alter the cortex in similar and perhaps interchangeable ways. In this article, we have asked whether the abnormal function of circuits resulting from long-term visual deprivation starting in development can be ameliorated by adult experience well past the critical period. Unexpectedly, we found that in mice the detrimental effects of LTMD can be nearly completely reversed by a regimen of binocular vision and reverse eye closure. Thus, our data suggest that even in V1 adult visual experience can promote development of visual functions that have failed to develop properly as a result of deprivation early in life.
Our findings are consistent with, and provide a neural basis for, observations of recovery of visual acuity following LTMD in rodents, cats, monkeys, and humans. In humans, a recent multicenter clinical trial found that adolescents near or past puberty (13-17 yr old) who were previously not treated for amblyopia can benefit from a regimen of reverse occlusion (Scheiman et al. 2005 ). Additionally, smaller case studies have long suggested that adult amblyopic patients can improve their acuity by visual training (Levi and Polat 1996; Polat et al. 2004; Levi 2005) or occlusion therapy (Selenow and Ciuffreda 1986; Saulles 1987; Rutstein and Fuhr 1992; Wick et al. 1992; Park et al. 2004 ). In cats, behavioral studies by Mitchell (1988) documented significant, though incomplete, recovery of vision in adulthood following deprivation from eye opening. In cats, monkeys, and humans, vision in the amblyopic eye frequently improves following enucleation of the normal eye (Smith 1981; Smith et al. 1982; Harwerth et al. 1986; El Mallah et al. 2000 ).
Yet several previous electrophysiological studies of cats found that recovery from MD starting near birth can be elicited only within the first several months of life. Wiesel and Hubel (1965) found that an MD from birth to 3 mo of age cannot be reversed to a significant extent. They reported that even RS for 1 yr produced little recovery of OD. Several subsequent studies confirmed these findings (Hubel and Wiesel 1970; Blakemore and Van Sluyters 1974; Movshon 1976) , collectively suggesting that in cats the potential for recovery declines and disappears over the first 4 mo of life. The startling dissociation between behavioral and electrophysiological outcomes was even noted in a single case that was studied by both electrophysiology and behavior; there was behavioral recovery but no recovery detectable by single unit recordings (Dews and Wiesel 1970) .
There are three possible explanations for the discrepancy between electrophysiology and behavior. First, behavioral tests might detect recovery that occurs at cortical levels beyond V1. Second, previous single unit studies of V1 may not have equally sampled all cortical layers and/or columns and hence might not adequately represent the cells that recover. Third, animals might need to be engaged in ethologically relevant visual tasks in order to improve their acuity. The first explanation seems improbable, since it posits that near-normal acuity can be achieved in the absence of significant recovery detectable in V1, the site of processing of simple visual forms. The second explanation is clearly possible, especially in light of our current data showing substantial recovery of adult V1. Recent findings have shown that the detection of adult OD plasticity can be masked by anesthetics that enhance GABA A receptors Heimel et LTMD followed by BE + RS (BE+RS; N = 9, 5), and LTMD followed by RS mice (RS; N = 5, 5). Separate three-factor ANOVAs calculated for data collected at 88% or 44% contrast showed significant effects of eye (P = 0.0009 for 88%, P = 0.02 for 44%) and pathway (crossed or uncrossed; P < 0.0001 for 88%, P < 0.0001 for 44%). There was a significant eye ‫ן‬ treatment group interaction for stimulation at 88% contrast (P = 0.0165) but not at 44% contrast (P = 0.31). (C,D) ODI values for each hemisphere of mice from the same groups as in A and B. Only the LTMD group showed a significant difference between left and right hemisphere ODI for stimulation at 88% contrast (C), while both LTMD and LTMD → RS groups were significantly different for stimulation at 44% contrast (D). *P = 0.02 (paired t-test); **P Յ 0.
(paired t-test). (E,F)
The hemispheric difference in ODI caused by LTMD was almost completely eliminated following BE + RS or RS for responses elicited at 88% contrast (E), whereas recovery was more variable but still significant at 44% contrast (F). *P < 0.05, t-test; **P < 0.002, t-test.
2007
). Here we have recorded single units throughout the cortical thickness under urethane anesthesia and have found nearly complete recovery. Finally, the third explanation suggests that animals might recover best when they are actively engaged in visual tasks, as they normally would do if they were in a natural environment (Sale et al. 2007) . In this regard, repeated visual testing by using behavioral measures might act as a form of visual training.
We found that RS was much more effective than BE in promoting visual recovery. In agreement with our findings, Iny et al. (2006) found that BE produced partial recovery of behavioral acuity in adult rats. However, Pizzorusso et al. (2006) reported little recovery in adult rats following 1 wk of RS. We cannot explain why their results differ so dramatically from ours, but it is notable that they also did not observe adult OD plasticity in mice with VEP (Huang et al. 1999) . Perhaps there are unknown but critical differences in methods of recording. Our usage of BE plus RS might be the most effective recovery paradigm because although BE stimulates a faster onset of visual recovery, RS allows a greater extent of functional gain (Mitchell et al. 1977 (Mitchell et al. , 2001 Giffin and Mitchell 1978) . In the long-term, RS produces a greater extent of recovery because it eventually shifts competitive mechanisms in favor of the initially deprived eye (Mitchell et al. 2001) .
Whereas visual recovery enhanced the magnitude of field potentials evoked by deprived eye inputs, LTMD itself only caused depression of VEPs elicited from the deprived eye. These observations suggest that the mechanisms underlying LTMD are not the same as those that mediate recovery. Several lines of evidence support the hypothesis that distinct mechanisms mediate the effect of MD compared with recovery. First, the effect of MD requires protein synthesis and CREB activity (Taha and Stryker 2002; Mower et al. 2002) , whereas recovery does not (Krahe et al. 2005) . Second, sleep is required for the effect of MD but not for recovery (Frank et al. 2001; Dadvand et al. 2006) . Third, the immediateearly gene tissue plasminogen activator is required for the effect of recovery but not for the preceding MD (Muller and Griesinger 1998) .
It is surprising that LTMD did not cause potentiation of nondeprived inputs, as was reported for short-term MD of 5 d to 2 wk (Frenkel and Bear 2004) . Prior studies of LTMD were uninformative on this issue because they used relative measures of the size and/or strength of eye-specific pathways. For example, an assay of OD based on unit recordings is a relative measure of the response to the deprived eye versus the nondeprived eye. It is possible that potentiation of the nondeprived pathway in short-term MD is transient. Long-term enhancement of open eye pathways might be mediated by an expansion of the cortical area influenced by the open eye (Shatz and Stryker 1978; Antonini and Stryker 1996; Antonini et al. 1999) , rather than by changes in the density of electrical activity generated.
Mice are ubiquitously used to model human disease, but we cannot exclude the possibility that our results in mice may not be entirely applicable to humans and other mammalian species. Recovery in humans would not be as rapid since development of mice is accelerated compared with that of humans. The lifespan of mice is 30-fold shorter than that of humans, and its heart rate 10 times faster. However, despite differences in metabolic and maturational rates, the basic molecular machinery, cellular types, and visual circuitry are conserved, suggesting that similar mechanisms are likely to operate in mice and humans. Our finding of dramatic recovery of vision in mice following LTMD poses several important questions. Is the recovery maintained stably over time? What are the mechanisms that mediate recovery and can they be enhanced? Answers to these questions may yield insights into the treatment of adult humans with amblyopia. , (C,D) LTMD followed by BE + RS (N = 9, 5), or (E,F) LTMD followed by RS (N = 5, 5). Separate three-factor ANOVAs calculated for data obtained with 88% or 44% contrast stimuli. Statistics showed significant effects of eye (P = 0.04 for 88% contrast, P = 0.02 for 44% contrast) and pathway (P < 0.0001 for 88% contrast, P < 0.0001 for 44% contrast). There was a significant eye ‫ן‬ treatment group interaction for acuity at 88% contrast (P < 0.02); there was a significant eye ‫ן‬ pathway ‫ן‬ treatment group interaction at 44% contrast (P = 0.0079). The significant eye ‫ן‬ group interaction for stimulation at 88% contrast suggests that both recovery regimens (BE+RS or RS) improved the acuity of the right (formerly deprived) eye. The significant eye ‫ן‬ pathway ‫ן‬ treatment group interaction at 44% contrast suggests a greater effect in one pathway; it is apparent from the data that the uncrossed pathway is affected more than the crossed by LTMD and recovery regimens. 
Materials and Methods
Housing and care of mice All procedures used in this study were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine and conform to the guidelines of the National Institutes of Health. We used C57BL/6 mice purchased from either the Jackson Laboratory (Bar Harbor, ME) or Taconic Farms Inc. or bred from these stocks. Mice were housed under a standard 12-h light/12-h dark schedule in standard transparent plastic cages (26 cm ‫ן‬ 15 cm ‫ן‬ 13 cm). Food and water was provided ad lib. They were usually kept two to four mice per cage.
Deprivation and recovery surgeries
MD was performed under isoflurane anesthesia (Attane 1%-2%, Minrad), as described previously Pham et al. 2004; Fischer et al. 2007) . Following opening of the deprived eye, a sterile ophthalmic lubricating ointment was applied daily to keep the eye from drying out. Animals were checked daily during the recovery period.
VEP recordings
VEP recordings were made under urethane anesthesia (1.5 mg/g body weight, i.p.) using standard methods Pham et al. 2004; Fischer et al. 2007 ). Briefly, PowerDiva software from Anthony Norcia (Smith Kettlewell Institute of Visual Sciences) was used for data acquisition and analysis. The visual stimulus was a horizontal sinusoidal grating covering the central 80°of the visual field (40°on either side of the midline). The grating reversed phase about four times per sec (2.02 Hz). One stimulus presentation (one trial) consisted of a spatial frequency sweep increasing from 0.65 to 0.05 cycles/degree in 10 log steps. Stimuli were presented at 44% and 88% contrasts. Trials alternated between right and left eyes until 16 trials were completed.
Analysis of VEP data
Analyses of the raw data were performed using PowerDiva software, as described previously Pham et al. 2004; Fischer et al. 2007 ). Spatial frequency thresholds were derived using the algorithm basically as described by Fischer et al. (2007) . The data of one spatial frequency sweep fell into 11 bins of decreasing spatial frequency. The spatial frequency bins used were (in cycles/degree): 0.65, 0.5, 0.39, 0.3, 0.23, 0.18, 0.14, 0.11, 0.084, 0.065, and 0.05. The mean and standard deviation of noise was calculated across the 11 bins. Threshold was defined as being equal to the bin value preceding the bin where the signal exceeded the noise plus one standard deviation of the noise. If the signal always exceeded this value, the threshold was assigned the value of 0.65. If the signal never exceeded this value, the threshold was assigned the value of 0.0 cycles/degree.
For each hemisphere of each mouse or group of mice, we also calculated an ODI according to the formula ODI = X/ (X + U), where X = the VEP amplitude of the crossed pathway and U = the VEP amplitude of the uncrossed pathway. ODIs were calculated using the mean of the data obtained at the two lowest spatial frequencies (i.e., 0.065 and 0.05 cycles/degree).
Single-unit recordings
Single-unit recordings were made using standard procedures (Fischer et al. 2004 (Fischer et al. , 2007 . Briefly, animals were anesthetized with urethane (1.5 mg/g body weight, i.p.), and units were sampled throughout the cortical thickness in three to four penetrations evenly spaced across the mediolateral extent of binocular V1 in the left hemisphere. The OD of units was scored on a one-to-seven scale by an observer blind to treatment condition (nondeprived, LTMD, LTMD with BE + RS) of the animals. For each animal or group of animals, we also calculated a CBI using the formula CBI = [(n 1 ‫מ‬ n 7 ) + (2/3)(n 2 ‫מ‬ n 6 ) + (1/3) (n 3 ‫מ‬ n 5 ) + N]/2N, where N is the total number of cells and n i is the number of cells in OD category i. 
